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To evaluate the normal range of Doppler-derived velocities and 
gradients, their relation to direct flow measurements and the 
importance of prosthetic valve design on the relation between 
Doppler and catheter-derived gradients, five sizes of normal St. 
Jude bileaflet, Medtronic-Hall tilting disc, Starr-Edwards caged 
ball and Hancock bioprosthetic aortic valves were studied with use 
of a pulsatile flow model. A strong linear correlation between peak 
velocity and peak flow, and mean velocity and mean flow, was 
found in all four valve types (r = 0.96 to 0.99). In small St. Jude 
and Hancock valves, Doppler velocities and corresponding gradi-
ents increased dramatically with increasing flow, resulting in 
velocities and gradients as high as 4.7 m/s and 89 mm Hg, 
respectively. The ratio of velocity across the valve to velocity in 
front of the valve (velocity ratio) was independent of flow in all St. 
Jude, Medtronic-Hall, Starr-Edwards and Hancock valves when 
the two lowest flow rates were excluded for Hancock valves. 
Although Doppler peak and mean gradients correlated well 
with catheter peak and mean gradients in all four valve types, the 
Doppler echocardiography has been shown to be a powerful 
noninvasive technique for assessing heart valve function 
(1 ,2). The Doppler technique measures blood flow velocities 
across valves that can be converted to pressure gradients by 
applying the modified Bernoulli equation. Although Doppler 
ultrasound has proved very accurate in evaluating native 
valves, its exact role in assessing prosthetic valve function 
remains controversial. The range of normal velocities and 
gradients reported for prosthetic valves varies widely (3-8) 
and Doppler-derived velocities and gradients may, there-
fore, not allow separation of normal and abnormal prosthetic 
valves in individual patients. Furthermore, conflicting re-
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actual agreement between the two techniques was acceptable only 
in Hancock and Medtronic-Hall valves. For St. Jude and Starr-
Edwards valves, Doppler gradients significantly and consistently 
exceeded catheter gradients with differences as great as 
44 mm Hg. 
Thus, Doppler velocities and gradients across normal pros-
thetic heart valves are highly flow dependent. However, the 
velocity ratio is independent of flow. Doppler and catheter gradi-
ents across prostheses show acceptable agreement in Medtronic-
Hall and Hancock valves, but Doppler gradients may significantly 
exceed catheter gradients in St. Jude valves and Starr-Edwards 
valves, especially at high flow rates. The discrepancy between 
Doppler and catheter gradients in both St. Jude and Starr-
Edwards valves is of potential clinical importance and suggests 
that localized high velocity jets and pressure recovery occur in 
these valves. 
(JAm Coll Cardiol1992;19:324-32) 
suits have been reported regarding the correlation between 
Doppler and catheter gradients in prosthetic valves. Some 
investigators (5,9-13) reported good agreement, whereas 
others (14-16) found significant discrepancies. In a previous 
study, we (17) demonstrated considerable differences be-
tween Doppler and catheter gradients across St. Jude valves 
depending on the site of the catheter measurement. 
The current study seeks to 1) determine the range of 
normal Doppler prosthetic aortic valve velocities and gradi-
ents; 2) assess the flow dependence of normal Doppler 
velocities; and 3) evaluate if the previously reported discrep-
ancy between Doppler and catheter gradients across the St. 
Jude bileaflet aortic valve is common to other mechanical 
valves such as the Medtronic-Hall tilting disc and Starr-
Edwards caged ball valves. 
Methods 
The pulse duplicator. The pulse duplicator used in this 
study has previously been described in detail (17). Briefly, 
prosthetic valves were mounted between the flow model's 
"ventricular" and "aortic" section with use of precision-
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machined Lucite plates. The reciprocating pump (Harvard 
Apparatus pulsatile blood pump, model 1423) allowed vari-
ation of stroke volume, rate and ejection time. The aortic 
pressure was maintained between 120-150/50-70 mm Hg by 
varying the outflow resistance and the outflow compliance. 
The system was primed with a 70% water/30% glycerol 
solution with 10 g/liter cornstarch added to facilitate Doppler 
measurements (viscosity 3.5 centipoise). 
Flow was measured with an ultrasonic flowmeter (Tran-
sonic System Inc., model T20l) calibrated against timed 
collections. "Aortic" and "ventricular" pressures were 
measured with fluid-filled catheters connected to pressure 
taps 25 mm upstream and downstream from the valve with 
use of electronic pressure transducers (Abbott Critical Care 
System). Flow and pressure waveforms were recorded on 
paper with use of a 12-channel physiologic recorder system 
(Electronics for Medicine, VR-12). Flow and pressure trac-
ings were digitized off-line for further calculation with use of 
an image analysis computer (Microsonics CAD 886). The 
peak systolic gradient was defined as the maximal instanta-
neous gradient between the ventricular and aortic positions 
of the flow model. The mean systolic pressure gradient was 
measured as the difference between the simultaneously 
recorded aortic and ventricular pressure waves during the 
period of forward aortic flow (18). Mean gradients of 
:51 mm Hg with a still visible difference between the two 
pressure tracings were set equal to 0.5 mm Hg. Each set of 
measurements was obtained by measuring each of three 
beats twice and taking the average of the six measurements. 
Doppler echocardiography. All Doppler studies were per-
formed with continuous wave Doppler ultrasound with use 
of an Ultramark 4 CAD system (Advanced Technology 
Laboratories) with a Duplex probe (3.5-MHz imaging, 
2-MHz continuous wave Doppler). The transducer was fixed 
in place with an adjustable clamp system after careful 
alignment of the ultrasound beam to obtain the highest 
Doppler-derived velocities (v). The on-board quantitation 
package was used to calculate peak and mean Doppler 
gradients (~p) with use of the simplified Bernoulli equation: 
~p = 4v2• Mean gradients were calculated averaging the 
instantaneous gradients throughout the ejection period. Ve-
locities proximal to the valve were calculated from the 
measured peak and mean flow rates and the tubing size and 
were found to be negligible (0.1 to 0.6 m/s). Doppler mea-
surements were obtained by averaging three beats. The 
Doppler spectrum was recorded on paper (Videographic 
Printer YP 1810) and video tape for documentation. 
Test protocol. Five sizes of St. Jude bileaflet (19- to 
27-mm), Medtronic-Hall tilting disc (20- to 27-mm), Starr-
Edwards caged ball (21- to 27-mm, model1260) and Hancock 
porcine (19- to 27-mm) aortic valve prostheses were studied. 
The size 19- to 25-mm Hancock valves were modified orifice 
models (model 250); the 27-mm Hancock valve was a stan-
dard orifice model (model 242) . 
For each valve size and type the mean flow rate was 
varied in eight steps from 77.1 ± 7.6 to 256.4 ± 17.9 mVs 
(peak flow rates between 133.2 ± 9.3 and 412.8 ± 29.6 ml/s) 
while the "heart rate" was maintained between 50 and 65 
beats/min. The systolic ejection periods increased with in-
creasing stroke volume and ranged from 150 to 370 ms. The 
shorter ejection periods were only used at the lowest flow 
rates. 
Continuous wave Doppler-derived velocities, "ventricu-
lar" and "aortic" pressures, and flow rates were simulta-
neously recorded and Doppler peak and mean gradients, 
catheter peak and mean gradients, and peak and mean flow 
rates were calculated. The peak and mean velocities in front 
of the valve were estimated from measured flow rate and the 
known cross-sectional area of the flow channel. These 
measurements were used to calculate the ratio of velocity 
across the valve to velocity in front of the valve. 
Statistical analysis. Linear regression analysis was used 
to assess the relation between Doppler-derived velocities 
and flow rates and the relation between Doppler and catheter 
gradients, and Pearson correlation coefficients were ob-
tained. Furthermore, the mean difference between Doppler 
and catheter gradients(± SD) was calculated (19). 
The flow dependence of the "velocity ratio" was evalu-
ated by using an analysis of covariance (AN COV A) for each 
valve type (20). The velocity ratio was modeled as a function 
of valve size (S) and flow rate (F) where size was a grouping 
variable and flow rate a covariate. This resulted in the 
following model: 
Velocity ratio; = A; + B (F) + e, 
where Velocity ratio; = the velocity ratio of the ith valve 
size, A; = the valve size effect (the adjusted mean velocity 
ratio for valve size i), B = the slope of the overall relation 
and e = a random error term. The AN COV A model tests to 
determine whether the slope of the flow relation, B, is 
different from 0. If the slope is significantly different from 0, 
we can conclude that there is a significant change in velocity 
ratio with flow rate. Calculations were done with program 
BMDP-1 V (one-way analysis of variance and covariance, 
BMDP Statistical Software). 
Results 
Doppler Velocity and Flow Rate 
A strong linear correlation (r = 0.96 to 0.99) was found 
between peak velocity and peak flow and between mean 
velocity and mean flow in all sizes of the four valve types. 
Figures 1 and 2 demonstrate the flow dependence of the peak 
and mean velocities. In Hancock and St. Jude valves, the 
velocity-flow slopes increased markedly with decreasing 
valve size. The increase was less for Medtronic-Hall valves. 
For all valves, the peak and mean velocities varied over a 
wider range in the smaller valve sizes. In the 19-mm St. Jude 
valve, for example, peak velocities ranged from 1.44 to 
4. 7 m/s with increasing flow rates. In most instances, the 
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velocities separated the different valve sizes if adjusted for 
flow rate. When flow rates were not considered, wide 
overlap of velocities for the different sizes occurred. The 
20-mm and 21-mm Medtronic-Hall valves had identical Dop-
pler velocities. The 27-mm standard orifice Hancock valve 
had hemodynamics that were similar to those of the 23-mm 
modified orifice Hancock valve and worse than those of the 
25-mm modified orifice valve. The Starr-Edwards valve 
model1260 is only available in sizes 21 to 27 mm. Valve sizes 
23 to 27 showed very similar velocities and could not be 
separated even if flow rate was taken into consideration. 
Velocity ratio. The ratio of velocity across the valve to 
velocity upstream of the valve varies inversely with the ratio 
of orifice area to upstream area. When this ratio was 
calculated, it varied little with flow rate for a given valve size 
in St. Jude, Medtronic-Hall and Starr-Edwards valves (Fig. 
3 and 4). In Hancock valves, however, the ratio decreased 
significantly with increasing flow rate (p < 0.001), suggesting 
an increase in actual orifice area with increasing flow. The 
greatest flow-dependent changes were seen at low flow rates. 
The velocity ratio separated the different valve sizes inde-
pendent of flow rate in St. Jude and Medtronic-Hall valves. 
In Hancock valves, different valve sizes could be separated 
only if the two lowest flow rates were excluded. For Starr-
Edwards valves, velocity ratios were similar for the 23- to 
27-mm valve sizes. 
Doppler and Catheter Gradient Comparisons 
Doppler peak and mean gradients correlated well (r = 
0.97 to 0.99, SEE = 0.5 to 3.1 mm Hg) with catheter peak 
and mean gradients in all four valve types (Fig. 5 and 6). 
However, the actual agreement between the two techniques 
was relatively good only in Hancock and Medtronic-Hall 
valves, where minimal overestimation by Doppler ultra-
sound was found. In contrast, Doppler gradients signifi-
cantly exceeded catheter gradients across St. Jude and 
Starr-Edwards valves (Fig. 5 and 6). 
The average difference (± SD) between Doppler and 
catheter gradients was 1.3 ± 0.8 mm Hg for peak gradients 
and 0.8 ± 0.6 mm Hg for mean gradients in Medtronic-Hall 
valves and 5.3 ± 3.4 and 1.9 ± 1.6 mm Hg in Hancock 
valves. For St. Jude and Starr-Edwards valves, the differ-
ence varied with the absolute number of gradients. In St. 
Jude valves, the average difference between Doppler and 
catheter gradients was 8.8 ± 8.7 and 5 ± 5.1 mm Hg, 
respectively, for catheter gradients <10 mm Hg. For gradi-
ents 2::10 mm Hg the average difference was 16.3 ± 10.3 and 
13 ± 7.5 mm Hg for peak and mean gradients, respectively; 
differences as great as 44 mm Hg were observed. In Starr-
Edwards valves, the mean difference between Doppler gra-
dients and catheter gradients <10 mm Hg was 8.9 ± 6.1 and 
4.3 ± 3.5 mm Hg; for gradients :::::10 mm Hg it was 13.7 ± 5.4 
and 8 ± 3.5 mm Hg. Differences as great as 25 mm Hg were 
found. 
Discussion 
Doppler velocities and flow rates. Doppler velocity esti-
mates have proved remarkably accurate in assessing steno-
ses of native valves (1 ,2) and several investigators (5,6,9, 10) 
have also demonstrated the utility of Doppler ultrasound in 
assessing prosthetic valve function. However, the reported 
range of normal velocities (and gradients derived from these 
velocities) is considerable (3-8), making it difficult to assess 
valve function in individual patients. The present study 
demonstrates that dramatic changes in normal velocities 
occur in prosthetic valves with variation of the flow rate. 
When small valve sizes are studied, normal flow velocities 
may vary by as much as 3.24 m/s. The corresponding range 
of "normal" Doppler gradients was as large as 80 mm Hg. 
Thus, at high flow rates, velocities and gradients may reach 
values ordinarily considered to reflect prosthetic valve ste-
nosis. These in vitro results seem indeed to be applicable to 
the clinical setting because high Doppler gradients similar to 
those found in the present study have also been reported in 
previous clinical studies of normal prosthetic valves (3,21). 
The results demonstrate that accurate evaluation of pros-
thetic valve function from Doppler velocities requires con-
sideration of volumetric flow rates, particularly in small-
sized valves. This observation confirms previous in vivo 
work demonstrating the importance of adjusting for differ-
ences in flow rates when assessing valvular hemodynamics 
of bioprostheses (20) and the potential for incorrect conclu-
sions when comparisons do not adjust for flow rate (22). 
In most instances in the present study, Doppler velocities 
separated the different valve sizes if values were adjusted for 
flow rate. When flow rates were not considered, wide 
overlap of velocities for the different sizes occurred. The 
20-mm and 21-mm Medtronic-Hall valves had identical Dopp-
ler velocities because the valves are identical and differ only 
in the size of their sewing rings. The 27-mm standard orifice 
Hancock valve had hemodynamics similar to those of the 
23-mm modified orifice Hancock valve and worse than those 
of the 25-mm modified orifice valve. This is most likely 
because the right coronary cusp of the standard orifice 
Hancock valve typically has a sizable muscle bar that limits 
the effective orifice area. In modified orifice valves this cusp 
is replaced by a non coronary leaflet of matched size improv-
ing the hemodynamics significantly. 
A flow-independent Doppler index of prosthetic valve func-
tion: the velocity ratio. Because accurate measurement of 
volumetric flow rates requires invasive procedures, a flow-
independent, noninvasive method for serial evaluation of 
prosthetic valve function is needed. Our results suggest that 
the ratio of continuous wave Doppler velocity across the 
valve to pulsed wave Doppler velocity upstream of the valve 
is a flow-independent index of prosthetic valve function. The 
decrease of ratio with increasing flow rate in Hancock valves 
at low flow rates may be explained by incomplete opening of 
the tissue valve at low flow states (23,24). In general, the 
velocity ratio should provide consistent measurements in a 
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Figure 3. Peak velocity ratio versus 
peak flow rate. Panels and abbrevia-
tions as in Figure 1. 
Figure 4. Mean velocity ratio versus 
mean flow rate. Panels and abbrevia-
tions as in Figure 1. 
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Figure 5. Peak Doppler gradient ver-
sus peak catheter gradient. Panels and 
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Figure 6. Mean Doppler gradient 
versus mean catheter gradient. Pan-
els and abbreviations as in Figure 1. 
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given patient, as long as the dimension of the outflow tract 
does not change significantly. In the clinical setting, the 
outflow tract diameter should, therefore, be measured along 
with the velocity ratio. 
Thus, the velocity ratio appears to be superior to simple 
velocity or gradient measurements, particularly for serial 
follow-up studies on a given patient. The usefulness of this 
variable has already been demonstrated by Rothbart et al. 
(25) in patients with normal and stenotic bioprosthetic 
valves. It has to be emphasized that the ratios calculated in 
the present study can be expected to differ considerably 
from those in vivo as a result of the lower velocities proximal 
to the valve caused by the large diameter of the upstream 
tube of the flow model. They have not been presented here 
as normal values but to demonstrate the independence of 
flow of this variable. Furthermore, it has to be emphasized 
that velocity ratios may show more variation for a given 
valve size in vivo than was the case in vitro since the size of 
the outflow tract varies from patient to patient. This varia-
tion may explain the wider range of normal velocity ratios 
for a single size and the greater overlap of ratios for different 
valve sizes in clinical studies (21). 
Because the presence of localized velocities in St. Jude 
and Starr-Edwards prostheses alters the velocity ratios, the 
ratio is more helpful in comparing different functional sizes 
of the same type of prosthesis than in comparing different 
kinds of prostheses. Thus, the velocity ratio, while flow 
independent, is still importantly influenced by the design of 
the prosthesis and the size of the outflow tract. 
Doppler and catheter gradients: importance of valve de-
sign. One purpose of the present study was to evaluate the 
relation between Doppler- and catheter-derived gradients 
across prosthetic valves. The results for St. Jude and Han-
cock valves confirmed those obtained in a previous study 
(17), in which valves were studied over a smaller range of 
flow rates with a catheter across the valve. With catheter 
pullback studies, we were able to demonstrate there that the 
explanation of significant discrepancies between Doppler 
and catheter measurements in St. Jude valves lies in the 
dynamics of flow through this complex three-dimensional 
structure. The two leaflets of the St. Jude valve create a 
tunnel-like geometry that results in localized high gradients 
between the two leaflets and significant pressure recovery. 
The role of pressure recovery in causing apparent over-
estimation of pressure gradients by Doppler ultrasound in 
tunnel-like orifices has also been reported in other settings 
(26,27). These studies and our prior work demonstrate that 
continuous wave Doppler ultrasound measures the maximal 
pressure gradient across flow obstructions, whereas cathe-
terization measures the recovered distal pressure because 
catheter-derived gradients are usually not measured within 
prosthetic valves in a clinical setting. Thus, Doppler and 
catheter studies both provide accurate measurements but 
different gradients in different locations (17). 
In the present study we tried to evaluate whether the 
previously found discrepancy between Doppler- and cathe-
ter-derived gradients in St. Jude bileaflet valves is common 
to other mechanical valve designs. The three basic geometric 
designs were included: caged ball valves (Starr-Edwards), 
bileaflet valves (St. Jude) and single tilting disc valves 
(Medtronic-Hall). The results demonstrate that prosthetic 
valve design has an important influence on the relation 
between Doppler and catheter gradients. Significant discrep-
ancies may occur in prostheses that have localized high 
velocities such as the St. Jude and Starr-Edwards valves. 
Good agreement is found in prostheses such as the 
Medtronic-Hall valves, which do not have localized high 
velocities. 
Doppler and catheter gradients: comparison with previous 
studies. In previous studies, some investigators (5,9-13) 
reported good agreement between Doppler- and catheter-
derived gradients across prosthetic valves, whereas others 
(14-17) found significant overestimation of gradients by 
Doppler ultrasound. The present results demonstrate that 
the agreement of Doppler and catheter gradients is depen-
dent on valve size, valve type and flow rate, and may explain 
the conflicting results of previous studies. Only slight, clin-
ically insignificant, differences between Doppler and cathe-
ter gradients were found in Hancock and Medtronic-Hall 
valves, whereas substantial discrepancies were observed in 
St. Jude and Starr-Edwards valves. In absolute terms, the 
differences between Doppler and catheter gradients were 
relatively small in large St. Jude valves (25- and 27-mm). In 
small St. Jude valves (19- and 21-mm) and in Starr-Edwards 
valves studied at high flow rates, differences as great as 
44 mm Hg could be found. Previous studies (5,9-12) that 
have shown good agreement between Doppler and catheter 
gradients may not have included the appropriate combina-
tion of valve type, size and flow rate to detect a significant 
difference. In mitral prostheses such as those studied by 
Wilkins et al. (12), valve sizes are larger and flow velocities 
lower. In three patients with a mechanical valve reported on 
by Sagar et al. (9), Doppler study overestimated the nonsi-
multaneous catheter gradient in each case, in one instance 
by 30 mm Hg. Burstow et al. (10) found good agreement for 
simultaneous Doppler and catheter gradients in a variety of 
mechanical aortic prostheses. However, the study group 
included only two patients with a St. Jude valve (21 mm). 
Indirect flow information was provided in only one of these 
two patients and indicated a low output state. 
Comparison of ditferent valve types: clinical impact. Han-
cock and Starr-Edwards valves cause more flow obstruction 
than St. Jude and Medtronic-Hall valves (28,29). The high 
Doppler-derived gradient in St. Jude valves does not reflect 
any deficiencies in the hemodynamic performance of this 
prosthesis. The differences in catheter-derived gradients 
between the St. Jude and Medtronic-Hall valves are mar-
ginal and clearly not of clinical relevance. Because Doppler 
gradients in St. Jude valves represent localized high veloci-
ties between the two leaflets of the valve, they do not reflect 
the average velocity or net pressure gradient across the 
valve orifice (17). Because of these discrepancies, Doppler 
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ultrasound should not be used to compare the hemodynamic 
performance of different prostheses unless careful in vitro 
and in vivo studies document that the Doppler gradient 
accurately reflects the net pressure drop across both pros-
theses. This should not be misinterpreted as an argument 
against the use of Doppler techniques for evaluating pros-
thetic valve function but should caution about difficulties in 
interpreting Doppler velocities in isolation without consider-
ing valve design and volumetric flow rate. 
Limitations. Because in vitro models cannot precisely 
duplicate the complex flow dynamics in patients with an 
implanted aortic valve prosthesis, the clinical relevance of 
these results should be considered with some caution. For 
example, the maximal flow rates used in this study were 
limited by the pump characteristics. It is likely that a higher 
cardiac output may occur clinically and higher velocities and 
gradients may be observed in patients. These higher values 
would result in correspondingly greater differences between 
Doppler- and catheter-derived measurements across St. 
Jude and Starr-Edwards valves. In addition, the hemody-
namic and pressure recovery characteristics of prosthetic 
valves are at least partially determined by the size of the 
aorta (30). The aortic chamber used in this study is larger 
than that reported by Yoganathan et al. (18) (32- vs. 25 .4-mm 
diameter). However, the larger aorta used in our model 
would have caused a smaller amount of pressure recovery 
(30) and, therefore, one would expect an even greater 
discrepancy between Doppler and catheter gradients in 
patients with a smaller aorta. 
Finally, in our study the velocity ratio was calculated 
with the use of proximal velocities determined from the 
measured flow rate and the flow channel diameter and not 
directly measured by Doppler ultrasound. The in vitro flow 
model used here did not allow measurement of velocity 
ratios as would be done clinically. However, Doppler echo-
cardiography has previously been shown to be capable of 
accurately measuring flow in the left ventricular outflow 
tract (31). The clinical usefulness and flow independence of 
this velocity ratio will need to be determined from clinical 
studies. 
Conclusions. "Normal" values for Doppler-derived ve-
locities and gradients in prosthetic valves vary widely, 
especially for small valve sizes. This range of velocities 
results from the marked flow dependence of prosthetic valve 
gradients. At high flow rates, Doppler gradients may be in a 
range ordinarily considered to reflect prosthetic valve steno-
sis. Therefore, accurate evaluation of prosthetic valve func-
tion requires consideration of the influence of volumetric 
flow rate. The ratio of velocity across the valve to velocity in 
front of the valve is independent of flow rate and may be 
superior to simple velocity measurements for follow-up 
studies in individual patients, as long as outflow tract dimen-
sions are tested for constancy. 
Finally, Doppler and catheter-derived gradients across 
prostheses show acceptable agreement in Medtronic-Hall 
and Hancock valves, but the Doppler gradient may substan-
tially exceed the catheter gradient in St. Jude and Starr-
Edwards valves, especially at high flow rates. Prosthetic 
valve design, therefore, has an important influence on the 
relation between Doppler and catheter gradients. The dis-
crepancy in gradients in both St. Jude and Starr-Edwards 
valves suggests the occurrence oflocalized high velocity jets 
and is of particular clinical importance for small-sized 
valves, in which high Doppler gradients may be misinter-
preted as evidence of valve malfunction. Thus, prosthetic 
valve design, valve size and volumetric flow condition must 
be known to provide a meaningful interpretation of Doppler 
data in prosthetic aortic valves. 
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